This programme investigated topical regorafenib, a multikinase inhibitor, in patients with neovascular age-related macular degeneration (nAMD).
Introduction
Anti-VEGF injections are standard of care for neovascular age-related macular degeneration (nAMD). These large protein biologics target VEGF-A, a growth factor primarily associated with the development of angiogenesis [1] [2] [3] . Fixed dosing in nAMD patients at either monthly (intravitreal ranibizumab and bevacizumab) or bimonthly, after a loading dose (intravitreal aflibercept), intervals yielded the best visual acuity results [4] [5] [6] [7] [8] [9] [10] [11] [12] . Given the treatment burden and risks arising from the repeated intravitreal treatment, more convenient, topical therapeutic options that could be selfadministered by the patient would be beneficial.
The small molecule regorafenib inhibits, besides other kinases, disease-relevant kinases VEGF receptor 2/3 (VEGFR 2/3, belonging to the family of receptor tyrosine kinases, Type IV) [13] [14] [15] and platelet-derived growth factor receptor β (PDGFRβ, belonging to the family of receptor tyrosine kinases, Type III) [16] at nanomolar concentrations [17] , and was therefore developed as a topical eye drop formulation for use in nAMD.
Preclinical studies indicated that regorafenib reached the back of the eye (BoE) when administered as an eye drop. Expression of VEGF receptors has also been shown at the BoE of animals and humans [13, 15] . In addition, efficacy was shown in rat and primate laser-induced choroidal neovascularization (CNV) animal models [18, 19] . Following nonclinical local (eye) and systemic toxicity studies, a phase I healthy volunteer study was performed. Regorafenib was well tolerated and there were no safety concerns in humans [20] . The objective of the current phase IIa/b study [Developing Regorafenib Eye Drops for wet AMD (DREAM); NCT02222207]was to translate the observed preclinical signs of efficacy to patients and thus to evaluate the efficacy of regorafenib eye drops in improving best-corrected visual acuity in treatment-naïve patients with nAMD.
Methods
DREAM was a multicentre, open-label phase IIa/b study conducted at 34 European sites from 10 October 2014 (first patient first visit) to 17 June 2015 (last patient last visit) that determined the effects of topical regorafenib in patients with nAMD. The study consisted of a phase IIa (proof-of-concept) part, designed as a multicentre, single-arm, open-label study, and a phase IIb part, constituting a dose-finding study. Only the phase IIa part was conducted.
Materials
Regorafenib (BAY 73-4506) suspended in 100% light liquid paraffin (Bayer AG, Wuppertal, Germany) at a concentration of 30 mg ml -1 was used. Intravitreal ranibizumab (Lucentis, Genentech, South San Francisco, CA, USA) was used as rescue medication.
Dose rationale
The dose was chosen based on preclinical experiments in rodents and nonhuman primates, in which efficacy was observed on administering 40-50 μl of 20 mg ml -1 regorafenib eye drops twice daily (i.e. 1.6-2 mg day -1 ) [18, 19] . Eye surface scaling from primate to human was applied. In addition, the maximum technically feasible concentration (30 mg ml -1 ), as well as the highest administration volume without any spill-over (25 μL) and the maximum dosing frequency considered feasible in the patient population [three times daily (TID)], were considered. The resulting amount of 0.75 mg per administration (or 2.25 mg day -1 when given TID) was also shown to be safe in the phase I study of the programme [20] . In order to strengthen this human dose estimate, significant efforts were put into physiology-based pharmacokinetics (PBPK) modelling in the rabbit as, in addition to pharmacokinetic (PK) data for regorafenib, most of the data in the literature were available for this species [21] [22] [23] . However, it turned out that no consistent model could be developed. Based on common physiological parameter values and specific compound-related parameters, the observations for the different compounds could not be described equally well. Meaningful descriptions for the single compounds could only be achieved after fitting the model individually to observed data. Finally, it could not be excluded that there is still a lack of understanding of the processes involved in drug distribution in the eye after topical application, preventing a sound mechanistic modelling. As a result of these limitations, the aforementioned estimation of the human dose was used.
Clinical evaluation
The key inclusion and exclusion criteria can be found in Table 1 . All patients provided written informed consent to participate. The study was conducted in accordance with the Declaration of Helsinki and Good Clinical Practice and was approved by respective ethics committees and institutional review boards of the clinical sites. All patients received training on the application of eye drops, and self-administered one 25-μl drop of regorafenib (30 mg ml -1 ) to the study eye three times daily for 12 weeks. Patients were seen weekly for 4 weeks, followed by biweekly visits up to week 12. Best-corrected visual acuity [BCVA; Early Treatment Diabetic Retinopathy Study (ETDRS) letter chart], slit-lamp examination and optical coherence tomography were performed at each visit, and fundus photography and fluorescein angiography were scheduled at screening, and at weeks 4 and 12. Safety assessments took place at each visit, and patients were observed 30-60 min after administration of eye drops, followed by anterior segment evaluation and measurement of intraocular pressure. The primary endpoints were the changes in BCVA (ETDRS letters) from baseline to week 4 and to week 12. Secondary endpoints were the proportion of patients with a change in BCVA of ≥0 letters from week 4 to week 12 and the proportion of patients with a loss of ≥10 letters from baseline to week 12.
As an exploratory endpoint, the mean change in central retinal thickness (CRT) was recorded at week 4 and week 12. An adverse event (AE) was considered treatment emergent if it was reported after the first day and no later than 30 days after the last administration of study drug. The assessment of the causal relationship between an AE and the administration of study drug was a clinical decision to be reached by the investigator based on all available information at the time. In essence, the investigator needed to answer the question of whether there was a ʻreasonable causal relationshipʼ with the study drug, with the possible answers being ʻyesʼ or ʻnoʼ. Important factors to be considered in assessing this relationship included e.g. temporal proximity to drug administration, recovery on drug discontinuation, recurrence on drug reintroduction, concomitant medication and treatment, as well as underlying, concomitant or intercurrent disease and so forth.
Rescue medication was intravitreal ranibizumab (administered in accordance with the drug label), which was initiated from week 3 through to week 12 if patients had a loss of vision of >5 ETDRS letters (from best previous measurement since baseline, and the actual BCVA was below baseline values) and persistence (no decrease since baseline) or recurrence (from baseline) of subretinal or intraretinal fluid.
The primary efficacy and secondary variables were analysed descriptively. Mean changes for the primary endpoints were presented together with the 90% confidence interval (CI) based on the t-distribution. Efficacy was analysed in the full analysis set, defined as all patients who received treatment. To allow comparison with data in the literature, missing efficacy observations, as well as observations obtained after the application of rescue treatment, were imputed using a last observation carried forward approach. With the planned sample size of 50, the lower limit of the two-sided 90% CI for the mean change from baseline to week 4 could be expected to exclude zero letters with a probability of 93%, if a true change of five letters and a standard deviation (SD) of 11 was assumed.
Blood samples for PK analyses were taken before and after administration of regorafenib eye drops during each regular visit up to the end of the study. Regorafenib concentrations in the plasma were determined using a validated liquid chromatography-tandem mass spectrometry (LC-MS/MS) method with a lower limit of quantitation (LLOQ) of 0.1 μg l -1 . 
Assessment of BoE exposure
In order to understand our results better, they were compared with other preclinical and clinical data obtained with regorafenib which have previously been published [18, 19, 24] or for which there are data on file (some of the primate data). All published and thus far unpublished data were obtained according to respective state authority regulations and were approved by the local ethics committees. The BoE exposure in patients was estimated, as no direct measurement can be performed. This was done under the following assumptions.
The area under the concentration-time curve from time 0 to 24 h [AUC(0-24 h)] was considered to be the most robust measure for comparing exposures to regorafenib in studies with different animal species and in humans. Although it was not possible formally to check whether the AUC was the PK/pharmacodynamic driver, it was chosen as it includes information on both the level and duration of exposure. All AUCs were calculated from concentration data in steady state after 7-28 days (depending on the study) of daily dosing; these are summarized in Table 2 .
In order to allow an assessment of the in vivo regorafenib exposure compared with the in vitro half-maximal inhibitory concentration (IC 50 ; cellular IC 50 = 3 nM or 1.5 μg l -1 ) for VEGF receptor inhibition of regorafenib, all in vivo AUC values were converted into unbound AUCs (AUC u ) using the unbound fractions determined for different species.
As BoE concentrations cannot be measured in humans, we tried to estimate the unbound concentrations that were likely to be reached in patients by transferring relationships found in monkeys. For this purpose, the ratio between the AUC u for BoE and plasma in monkeys (see Table 2 ) was calculated, and found to be 12.6. In order to strengthen this assumption, a second approach to derive an AUC ratio (BoE vs. plasma) was applied. Here, the steady-state partition coefficient for BoE tissue (K BoE/plasma = C BoE /C plasma ) is 10, estimated on the basis of logD = 3.8, log (phospholipid membrane/water partition coefficient) = 4.4 and unbound fraction in plasma f u = 0.022 (for details on the model, see Schmitt [25] ). Therefore, measured values and the physicochemical model revealed similar ratios, indicating that regorafenib concentrations in eye tissue and plasma are in steady-state equilibrium in monkeys. For the estimation below, a value of 12.6 was applied.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [27] , and are permanently archived in the Concise Guide to PHARMA-COLOGY 2015/16 [28] .
Results
A total of 52 nAMD patients received treatment in DREAM, and 51 were included in the full analysis set (also see Figure 1 ). Baseline characteristics for the 51 patients are shown in Table 3 . Following treatment with regorafenib 30 mg ml The drug was well tolerated; ocular treatment-emergent AEs (TEAEs) were reported in the study eye of 21 patients (41.2%) by week 12 (Table 4) ; the maximum severity was mild to moderate in the majority of patients (95.2%). The only AEs that occurred in 5% or more of patients were ʻvisual acuity reducedʼ (7.8%) and ʻvisual acuity tests abnormalʼ (11.8%); both affected the study eye.
There was one serious ocular TEAE (visual acuity reduced) and two serious non-ocular TEAEs (ankle fracture and acute myocardial infarction, resulting in one death), but none were drug related according to the assessment of the investigator. Regorafenib plasma concentrations were similar to those observed after administration of corresponding regorafenib eye drop doses in the phase I study [20] (Figure 4) .
Derived from the aforementioned assumptions and the AUC of regorafenib in plasma, the estimated human AUC(0-24 h) BoE was 963 μg h l -1 , and the respective calculated AUC u, BoE was 4.82 μg h l -1 (see Table 2 and Figure 5 ).
Discussion
Regorafenib is a multikinase inhibitor targeting nAMDrelevant kinases VEGF-and PDGFRs at nanomolar concentrations [17] . Preclinical results from rat and monkey laser-CNV models showed that the efficacy of topical regorafenib was similar to that observed with intravitreal anti-VEGF agents. In addition, sufficient concentrations of regorafenib were reached in the BoE of these species to explain the in vivo efficacy [18, 19] . Unfortunately, these preclinical efficacy results did not translate into the clinical studies. None of the predefined success criteria based on the primary readout (mean change in BCVA at weeks 4 and 12) were met in the phase IIa/b study in patients with nAMD. Instead, patients treated with regorafenib eye drops showed BCVA and CRT time courses that were similar to a natural disease course (e.g. compared with the sham treatment arm in the MARINA study, which showed a decline in BCVA by approximately four letters within the first 3 months [7] ). The study did not continue after completion of phase IIa because of insufficient efficacy. Regorafenib was well tolerated, and the safety profile was similar to that observed in phase I studies in healthy human volunteers [20] .
There are a number of potential reasons for the failed translation of efficacy from preclinical to clinical studies. First, insufficient patient compliance to self-administer the eye drops could have affected outcomes; however, this is unlikely as plasma concentrations in the phase IIa/b study were in the same range as those observed in phase I, in which eye drops were administered by a study nurse (see Figure 4) . Although the skipping of single administrations could not be fully excluded from this analysis, patients must have taken the majority of doses, or otherwise the systemic exposure would have been expected to be lower.
Second, although targeting the same pathway, the molecular targets that are inhibited by protein therapeutics (i.e. VEGF) and kinase inhibitors (i.e. VEGF receptor) are different. However, expression of the relevant VEGF receptors has been described both in animal species used for preclinical experiments and in humans [13, 15] . Therefore, a similar effect can be assumed for neutralizing the ligand and for inhibiting the receptor tyrosine kinase further downstream. This is supported by anecdotal clinical evidence which also supports the potential efficacy of small-molecule oral multireceptor tyrosine kinase inhibitors in nAMD [26, 29] . One additional difference between ligand-and receptor targeting may be the tissue compartment that needs to be reached. Whereas ligand-neutralizing agents such as ranibizumab or aflibercept are most likely to act in the vitreous, a kinase inhibitor will need to penetrate deeper into the Figure 1 Study flow chart. † Includes one patient who died after the first dose of study drug. No efficacy measures were obtained from this patient Table 3 Baseline characteristics of patients included in the phase IIa study tissues to reach the affected blood vessels. The physicochemical properties of regorafenib are considered to be suitable for such tissue penetration, further supported by its antitumour activity in gastrointestinal stromal tumours [30] .
Third, the included population of nAMD patients may have been less responsive to anti-VEGF therapy. However, the inclusion and exclusion criteria were very similar to those of previous studies on intravitreal protein therapeutics [4] [5] [6] [7] [8] .
In addition, when patients were administered rescue treatment according to predefined criteria, the changes in BCVA and CRT were rapid and in line with the known response to anti-VEGF treatment (also see Figure 3) .
Fourth, exposure of regorafenib in the target compartment (i.e. BoE) might have been insufficient in humans. As this hypothesis could not be tested according to actual BoE exposure, because this cannot be measured in humans, we used available preclinical data for estimation. Under several assumptions, mainly that eye/tissue concentration ratios in humans are equal to those observed in monkeys (see above), human BoE exposure calculated from the respective plasma exposure results in an AUC(0-24 h) BoE of 963 μg h l -1 , or an AUC u, BoE of 4.82 μg h l -1 . In order to put this into perspective with local exposure levels at the target needed to achieve efficacy, a threshold for efficacy based on the in vitro potency of regorafenib was defined as a theoretical AUC, calculated as the product of the cellular IC 50 of regorafenib at the VEGFR2 and an exposure time of 24 h (cellular IC 50 = 3 nM or 1.5 μg l -1 ; according to assay conditions, a fraction unbound (f u , i.e. the fraction of drug not bound to plasma proteins) of 50% can be assumed-i.e. 0.75 μg l -1 ; 0.75 μg l -1 × 24 h = 18 μg h l -1 ). To validate this theoretical threshold, plasma exposure data from early clinical studies of the oncology programme, with oral administration of regorafenib and therefore systemic delivery to the cancer target, were included in the comparison. Exposure was taken from one very low
Figure 2
Mean changes in BCVA (ETDRS letters) (A) and CRT (B) from baseline in 51 patients with neovascular age-related macular degeneration following treatment with regorafenib 30 mg ml -1 three times daily for 12 weeks. BCVA, best-corrected visual acuity; CRT, central retinal thickness; ETDRS, Early Treatment Diabetic Retinopathy Study; SE, standard error
Figure 3
Mean changes in BCVA (ETDRS letters) (A) and CRT (B) in patients with neovascular age-related macular degeneration (n = 20) who received rescue medication (intravitreal ranibizumab) after prior regorafenib treatment. BCVA, best-corrected visual acuity; CRT, central retinal thickness; ETDRS, Early Treatment Diabetic Retinopathy Study; SE, standard error dose, which was the highest dose tested at which no biological activity was observed clinically (10 mg) and from the approved dose in oncology indications (160 mg; regorafenib as an oral medication is currently approved for the treatment of patients with colorectal cancer, gastrointestinal stromal tumour or hepatocellular carcinoma) [24] . Putting this, as well as the exposures obtained in different species, into perspective (see Figure 5 , which is based on data from Table 4 ), the 10 mg oral dose just reached the theoretical threshold, and the clinically used oral dose (160 mg) was well above it. The efficacy observed in rats and monkeys can likewise be explained by this approach, as measured exposures in the eye tissues exceed the threshold value. At the same time, the absence of systemic side effects in rats, monkeys and humans can be explained, as plasma exposure in all species is clearly below the theoretical threshold. Thus, there is some validation for this theoretical threshold. However, under these assumptions, the unbound concentration reached at the BoE using regorafenib eye drops would have been fourfold below the theoretical efficacious threshold (see Figure 5 ). Overall, we could not provide clear proof confirming or denying any of the aforementioned potential reasons for the failed translation of efficacy from preclinical to clinical studies. However, considering all of the aspects discussed above, with the dosing regimen used, we consider a limited exposure at the BoE to be the most likely explanation. This does not exclude the possibility that topically administered regorafenib can be efficacious if given at higher dosing frequencies, yet dosing more frequently than three times per day, probably close to 10 times per day, was not considered feasible for long-term treatment and was therefore not tested.
A previous clinical programme examined pazopanib, another small-molecule kinase inhibitor with a similar kinase profile. The pazopanib eye drops were not given alone but in addition to ranibizumab therapy. They failed to achieve either superior gains, as compared with injections alone, or a reduction in the number of injections given during the 52-week period [31] . Regorafenib has different physicochemical properties to pazopanib. In animal experiments, the formulation for regorafenib has been optimized, resulting in an oily suspension in 100% light liquid paraffin. This was assumed to increase residence time at the corneal surface. Overall, however, neither of these topical approaches have shown benefit over injectable anti-VEGF therapy.
Considering the failure to translate the findings from the preclinical to clinical studies, one could question whether the monkey laser-CNV model can be considered predictive for the efficacy of topical application of regorafenib eye drops and, in general, whether the screening cascade as applied can be used to develop any treatment for nAMD other than intravitreally administered therapeutics targeting VEGF. Although the laser-CNV model shows similarities to nAMD (i.e. Bruch's membrane is ruptured, which is a known feature of the pathophysiology of nAMD), the acute nature of the model and its self-limitation represent substantial differences to the disease [32, 33] . Moreover, although it can be regarded as an efficacy prediction model for intravitreally administered protein therapeutics binding VEGF (intravitreal aflibercept and ranibizumab) Any serious ocular TEAE in the study eye 1 (2.0)
Any non-ocular serious TEAE 2 (3.9)
Treatment related 0 (0.0)
TEAE, treatment-emergent adverse event Figure 4 Plasma concentrations of regorafenib after topical administration of 30 mg ml -1 , 25 μl three times daily in steady state. There was no significant difference between phase I, in which regorafenib was administered by a study nurse to healthy volunteers, and phase II, when patients self-administered the eye drops. Data presented as boxplots (median, boxes 25th and 75th percentile; whiskers 10th and 90th percentile; single values outside 10th and 90th percentile). DREAM, Developing Regorafenib Eye drops for neovascular Agerelated Macular degeneration [4-6, 8, 32, 34] , no precedent has been established in relation to topical treatments. In summary, regorafenib eye drops did not show sufficient efficacy compared with historic levels observed with other nAMD treatments. Consequently, the clinical programme (i.e. the DREAM study) was terminated after completion of phase IIa. There was no indication that this was due to noncompliance, as plasma concentrations in the phase II study were similar to those observed in the phase I study. Insufficient exposure in the target compartment (i.e. BoE) was considered to be the most likely explanation for this lack of efficacy. In this case, the translation of convincing animal data to clinical efficacy was not successful. Future approaches to develop non-invasive therapies for nAMD should consider the lack of positive predictive power of the monkey laser-CNV model for the human situation in the case of topical therapy. In preparation for follow-on projects, more research is required to understand quantitatively how PK and pharmacodynamics in humans correlate with the corresponding data from animal models. Furthermore, PBPK models of the eye may need to be further developed and be used early on (e.g. in healthy volunteer studies), to predict tissue-specific exposure in patients.
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